ABSTRACT
INTRODUCTION

27
The cereal crop plants including maize, rice, wheat, barley, sorghum, millets, oats and rye play a 
31
Despite this impressive number, the production of wheat and other crops is constantly at risk and 32 threatened by biotic and abiotic stresses that impair crop yield and quality. Ever since the dawn of 
40
These examples highlight the impact of plant diseases on food security and human health. Not 41 surprisingly, one of the main objectives in breeding and agriculture has consisted in the selection 42 and cultivation of crops that are able to withstand disease. The basis of disease resistance however 43 was not comprehensively understood until the description of the laws of inheritance by Gregor
44
Mendel in the mid-19 th century, which laid the foundation for modern genetics and plant breeding 45 as we know it nowadays.
46
Latest since the Green Revolution in the 1960s (73), the genetics of disease resistance in crops has 47 been systematically studied and dissected into its single genetic components, which are the disease 48 resistance genes encoded in a plant's genome. In wheat, this systematic effort has led to the 49 cataloging of several hundred different disease resistance genes (61). However, only a small 50 fraction of these genes has been cloned and their molecular function studied in detail.
51
The wheat genome is among the largest and most complex of all cultivated plants. With 17 billion 52 nucleotides (Gb), the bread wheat genome is five times larger than the human genome. Bread
53
wheat is a hexaploid species that arose through natural hybridization of three closely related wild 54 grass species (76). In addition, the proportion of repetitive sequences within the wheat genome is 55 higher than 80%. The huge and complex genome of wheat has greatly complicated the isolation of 56 individual genes in the past. The first disease resistance genes cloned in wheat were Lr10 and Lr21 57 that both confer race-specific resistance against the fungal leaf rust disease (Puccinia triticina).
58
Both genes encode intracellular immune receptors of the nucleotide binding-site -leucine rich apparent when looking at the increasing rate at which disease resistance genes are isolated in wheat
68
( Figure 1 ). Here, we review these recent advances in genomics of wheat and its pathogens and we
69
will discuss implications for wheat disease resistance breeding. 
ADVANCES IN WHEAT GENOMICS -IMPLICATIONS FOR THE GENETIC AND
72
MOLECULAR UNDERSTANDING OF DISEASE RESISTANCE
73
Gene cloning strategies in the 'pre-reference genome era'
74
The 'cloning' or 'isolation' of a gene describes the process of pinpointing it to its exact location 75 within the genome, which will ultimately reveal its nucleotide sequence and the protein it encodes 76 for. The cloning of disease resistance genes forms the basis for many important breeding 77 objectives: (i) it allows to design perfect gene-based molecular markers for marker-assisted 78 selection, (ii) it enables the rapid transfer of cloned genes through transgenesis or their 79 modification through genome editing, (iii) it enables diagnostic applications, e.g. to determine 80 which gene is present in which wheat cultivar, and (iv) it forms the basis to unravel the molecular 81 function of plant-pathogen interactions, knowledge that will ultimately help to protect wheat from 82 pathogens. However, gene cloning from the vast wheat genome has presented a great challenge in 83 the past. The majority of all wheat disease resistance genes cloned so far were isolated through
84
'map-based cloning' (Figure 1 The wheat genome has long been considered to be too large and too complex to be sequenced at 107 high quality. First whole genome shotgun assemblies of the hexaploid bread wheat landrace
108
Chinese Spring and the wild diploid wheat relatives einkorn (Triticum urartu) and goatgrass
109
(Aegilops tauschii) were generated using short-read Roche 454 and Illumina sequencing (10; 45; 110 53). While these assemblies provided a first snapshot of the wheat genome and its gene space in 111 particular, they were still highly fragmented and consisted of ten thousands of unordered scaffolds.
112
The scaffold N50 lengths of these 'early' assemblies was in the range of a few kb. In 2014, the chromosome contact maps (Hi-C) (59) and the development of better assembly algorithms (19).
135
The first high-quality genome sequence of a wheat relative was generated from the wild emmer
136
(Triticum turgidum ssp. dicoccoides) accession 'Zavitan' (4). (http://www.wheatinitiative.org/activities/associated-programmes/10-wheat-genomes-project).
165
Comparative analysis across these ten genotypes will provide insight into differences in gene 166 content, large-scale chromosomal rearrangements and haplotype diversity.
167
Whole genome sequences assist identification and cloning of disease resistance genes
168
The availability of near-complete chromosome sequences marked a milestone for gene cloning 169 because it became possible to 'navigate' within wheat genomes and to get insight into large 170 contiguous genomic regions. This will make map-based cloning much simpler and faster in the 171 future. Furthermore, the best markers identified in genome-wide association studies (GWAS) can 172 be rapidly anchored to large contigs, allowing to define candidate genes for the trait of interest.
173
Finally, these assemblies allow to rapidly identify potential disease resistance genes across entire Spring genome, serving as potential candidates for disease resistance genes ( Figure 2 ). NLR 180 density was higher towards the telomeres and rapidly decreased towards the centromeric regions.
181
Interestingly, a literature survey with known and mapped race-specific leaf and stem rust resistance 182 loci revealed that many of them coincided with regions that contained only a few NLR genes in
183
Chinese Spring (Steuernagel et al. 2018 ; Figure 2 cloning project in the past, these novel approaches allow to isolate genes in less than two years.
265
Other recent developments allow to reduce the time and efforts needed to validate the phenotypic 
GENOMICS OF WHEAT PATHOGENS -IMPLICATIONS FOR RESISTANCE
318
BREEDING AND DISEASE CONTROL
319
The increasing pace of genome-based molecular identification of disease resistance genes in wheat 320 is complemented by an increased understanding of the molecular components from the pathogen 321 involved in the resistance interactions. The combination of these different fields of research and a 322 complete molecular comprehension of pathosystems will allow breeders to integrate pathogen-323 based information into the development of sustainable strategies for the use of resistance genes.
324
The major wheat pathogens are fungal organisms and some of their genomes have been completely with an identified function (42). Also, WAKs were recently found to be key players in disease 379 resistance against fungal pathogens in other cereals, including rice and maize (33; 38; 99).
380
The molecular identification of genes encoding avirulence as well as suppressor genes will result 381 in the development of specific markers for them, allowing to easily determine their presence and 382 evolution in pathogen populations. This will simplify the analysis of pathogen avirulence patterns America and is now threatening wheat production in parts of Asia. It was found that wheat blast 391 has evolved by the functional loss of a host specificity determinant (39).
392
Around the year 2000 a novel powdery mildew form was discovered that is able to grow on the 393 rye-wheat amphiploid crop species Triticale. It was found that this novel form of mildew was the 394 product of a hybridization event between the mildew forms specialized on wheat and rye. Thus, 395 pathogen evolution mirrored host evolution of Triticale (63). This finding also indicates that such 396 hybridization events among different powdery mildew forms have to be considered for the use of 397 resistance gene introgressions from wild wheat relatives. Obviously, wheat mildew can exchange 398 genetic material with mildews from other grass species, resulting in novel virulence properties and 399 a powerful evolutionary mechanism to overcome specific resistance genes introgressed from wheat 400 relatives.
401
Pathogen genomics has also proven to be a powerful tool in the identification of the causal 402 pathogen races of new stripe rust epidemics in the UK (35). In an approach called "field 403 pathogenomics", transcriptome sequencing was performed on infected wheat leaves from the field.
404
This showed that the pathogen population dramatically changed within a few years and increased 405 in diversity. Field pathogenomics is a very promising way for genotyping a large number of 406 isolates and can rapidly deliver a view on an emerging epidemic. Thus, it has the potential for a 407 wide application to many pathogens and at a global scale.
408
As a final example of pathogen genomics, the global, transcriptional response in pathogens to the 
GENOMIC-ASSISTED DISEASE RESISTANCE BREEDING -A LOOK INTO THE
427
NEAR FUTURE
428
Despite considerable international effort, only around 6% of the known and mapped wheat disease have not yet been genetically described.
518
5. For all disease resistance genes important in breeding, the corresponding avirulence genes 519 should be isolated to get a comprehensive view on the molecular interactions and to 520 develop pathogen-informed breeding strategies.
521
6. Field pathogenomics should be performed for all major wheat diseases in all major growth 522 regions of wheat. This will result in a global view on pathogen diversity and evolution. 
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